The corpuscles of Stannius are responsible for the synthesis and secretion of stanniocalcin (STC), a glycoprotein hormone that regulates calcium and phosphate homeostasis in fishes through its actions on the gills and kidneys. The corpuscles of Stannius and STC are considered to be an endocrine system that is unique to fishes. In this report, we provide evidence for the existence of STC-like proteins in vertebrates other than fishes, in particular, humans. By using a well-characterized RIA for salmon STC, sera from vertebrates as diverse as sharks and humans contained measurable levels of STC-like immunoreactivity in the concentration range commonly observed in fishes, and all of these sera exhibited parallelism in the assay. By using Western blot analysis, proteins were also identified in human kidney extracts that shared several properties with the fish hormone in addition to their cross-reactivity with salmon STC antiserum.
The corpuscles of Stannius are endocrine glands on the kidneys of fish with a bony skeleton (1) and secrete stanniocalcin (STC), a homodimeric glycoprotein hormone with a distinct primary structure (2) . The primary function of STC is to regulate Ca2+ homeostasis, principally by preventing the development of hypercalcemia. STC secretion is prompted by an increase in serum Ca>2 (3) (4) (5) and the hormone then acts on the gills to slow the rate of Ca 2 uptake from the aquatic environment (6) (7) (8) (9) (10) . The disposal of excess serum Ca>2 is aided by the kidneys where STC has dose-related stimulatory effects on inorganic phosphate (Pi) reabsorption (11) , the consequence of which is increased movement of Ca>2 and Pi into bone and scales.
Most polypeptide hormones found in lower vertebrates are preserved throughout the evolution of higher vertebrates and their structures are generally well conserved. To our knowledge, until now, nothing comparable to STC has been identified in more primitive vertebrates, such as sharks, or in the higher vertebrates, including humans. However, the anatomical location of endocrine cells and the functions of individual hormones can be strikingly different between vertebrate classes. For example, calcitonin cells in fish and birds are found in the ultimobranchial glands instead of the thyroid as in mammals (12) . Therefore, if STC does exist in higher vertebrates, either its function and/or the location of STCproducing cells may (14) at concentrations of 0.004-40 ,ug per lane. The gels were subjected to Western blot analysis with a 1:10,000 dilution of STC antiserum as described (15) , except that an alkaline phosphatase detection system was used in lieu of horseradish peroxidase. The polyclonal STC antiserum employed in these studies has been characterized as having a high degree of specificity for fish STC (10, 13, 15 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
blots were incubated with the same antiserum dilution preabsorbed with purified salmon STC (30 ,ug/ml) (8), the human kidney Con A bound and Con A void fractions (each at 10 mg/ml), or a 1:10,000 dilution of preimmune serum from the same rabbit used for antibody production in lieu of primary antiserum.
Immunocytochemistry. Immunocytochemical studies were conducted on fresh biopsies of human kidney to localize the cellular sources of STC immunoreactivity, by using a 1:1000 dilution of STC antiserum and the AS/AP immunostaining kit (BIO/CAN, Montreal). Tissues were fixed overnight in 10 mM sodium phosphate, pH 7.4/0.15 M NaCl/4% (wt/vol) paraformaldehyde and embedded in paraffin. Sections (5 ,m) were cut and mounted on gelatin-coated slides. After deparaffinization and rehydration, tissue sections were subjected to immunocytochemistry by the manufacturer's instructions. As controls, adjacent sections were stained with the same antiserum dilution preabsorbed with salmon STC (30 ,ug/ml) or preimmune rabbit serum in lieu of the primary antiserum.
Rainbow Trout Bioassays. The human kidney Con A bound and void fractions were tested for potential effects on gill Ca2+ transport in young rainbow trout with a STC bioassay (8) (9) (10) . For each bioassay, individual trout were weighed and given two intraperitoneal injections (1 h apart) of saline, salmon STC, or the Con A bound and void fractions from human kidney, at the dosages shown in Tables 2 and 3 . After the first injection, fish were placed in tanks containing isotope-free water for 1 h. After the second injection, fish were placed in chilled (10°C) aerated tanks of 45Ca water (50,000 dpm/ml) for 2 h. The fish were then sacrificed in 0.25% benzocaine and ashed overnight at 600°C. Based on the calcium content of the ashed carcass and specific activity of the water, the rate of gill Correlations between serum electrolytes and serum STC levels in humans were assessed by linear regression analysis; regressions were considered to be statistically significant if P < 0.05. For the bioassays, the data were analyzed by analysis of variance followed by Dunnet's test. Groups were considered to be significantly different if P < 0.05.
RESULTS
RIA. Serum samples from cyclostomes, elasmobranchs, salamanders, and humans contained STC immunoreactivity (STC-IR) within the range (4-21 ng/ml) observed in fishes such as salmon and trout (4, 5, 10) . Furthermore, serially diluted sera from three of the species, leopard shark, salamander, and humans, had displacement slopes that were not significantly different than one another or the slope of the standard curve. The sera from hagfish and ratfish did not display parallelism in the assay. The relative cross-reactivities of human, shark, and salamander serum are shown in Fig. 1 and parallelism of a representative human serum sample is shown in Fig. 2 . The results are also summarized Table 1 .
In humans, serum levels of STC-IR ranged from 4.5 to 11.6 ng/ml and there were no apparent differences between males and females. There was a statistically significant negative correlation between serum levels of STC-IR and Pi after linear regression analysis [serum Pi = (-0.2572 x serum STC) + 3.81; r = -0.366; P = 0.017; n = 42; Fig. 3 ], whereas no trends were evident with respect to sodium, potassium, or calcium. Western Blot Analysis. Western blot analysis of salmon STC under reducing conditions yields a single band of 30 kDa that corresponds to the mature STC monomer (Fig. 4, lane 2) . Based on Western blot analysis of extracts from eight human kidneys to date, STC-IR was observed exclusively in the Con A bound glycoprotein fraction. A single 31-kDa band was consistently observed in the Con A bound fraction under nonreducing conditions (Fig. 4, lane 3 to the salmon STC monomer (Fig. 4, lane 2) . The same-sized band was also evident in the Con A bound fraction of rat kidney (data not shown). Staining of salmon STC and the 31-kDa bands in human and rat kidney was abolished when the antiserum was absorbed with salmon STC prior to use (data not shown). After chemical reduction, the same human kidney Con A bound fraction yielded STC-IR in three bands of 29, 31, and 33 kDa (Fig. 4 ; lane 1) in contrast to the one 31-kDa band seen in the nonreduced state ( Fig. 4; lane 3) . Furthermore, the intensity of immunostaining was markedly enhanced after sample reduction (Fig. 4 , compare lanes 1 and 3, which are equally loaded), a characteristic that is shared by the fish hormone as well. STC-IR in all three bands was abolished by preabsorbing the antiserum with salmon STC (Fig. 5, lanes 1  and 3) , indicating that all were STC-specific. In contrast to human kidney, the mobility and appearance of the band with STC-IR in rat kidney was not influenced by reducing agents (data not shown). No STC-specific bands were evident in the Con A void fractions of human or rat kidney or in the other tissues examined. The findings are summarized in Table 1 .
Immunocytochemistry. By using salmon STC antiserum, immunoreactive cells were observed exclusively in human kidney tubules (Fig. 6) . The tubules containing cells with STC-IR were smaller in diameter than proximal tubules and occurred in cortical kidney. The STC-positive tubules were generally situated in close proximity to glomeruli and contained one or more cells with STC-IR. Fig. 6A (Table 2 , experiments 1 and 2). This effect was the opposite of that produced by salmon STC in the same experiments. Crude kidney extract at 25 (experiment 1) and 50 (experiment 2) mg/kg (body weight) had stimulatory effects on gill Ca2+ transport, whereas salmon STC had the anticipated inhibitory effect. The stimulatory activity in human kidney was confined to the glycoprotein fraction, as in further experiments, the Con A bound material mimicked the effect of the crude extract by significantly increasing the rate of gill Ca2+ transport, whereas the Con A void fraction had no effect when administered at the same dosage (Table 3 , experiment 3). The Con A bound fraction proved to have a significant stimulatory effect at dosages as low as 1 mg/kg (body weight) (Table 3 , experiment 4, P < 0.05; two-tailed ANOVA). In two final experiments, the Con A bound fraction and STC proved capable of abolishing each other's effects on gill Ca2+ transport when administered together (Table 3 , experiments 5 and 6). Based on these findings, the human kidney Con A bound fraction appears to be antagonizing the effects of the salmon hormone. 
DISCUSSION
There are precedents for the discovery of peptide hormones in fishes prior to their identification in mammals. A recent example is melanocyte-concentrating hormone that was first identified in salmon pituitary (16) and has only recently been described in mammals (17, 18) . Thus far, all attempts to identify STC in higher vertebrates with cDNA probes have been unsuccessful. This may be due to the rapid evolution in the STC molecule, particularly at the nucleotide level. Our experience with bowfin STC serves to illustrate the point. The bowfin (Amia calva) is one of the oldest extant fishes to have STC and antibodies to salmon STC cross-react with the bowfin hormone (19) . However, salmon STC cDNA probes are incapable of recognizing bowfin STC mRNA even under the least stringent of hybridization conditions (20) . This suggests that evolutionary pressure has substantially altered the STC gene sequence within the bony fishes, whereas specific epitopes in the protein sequence have been comparatively well conserved. Consequently, we chose an immunological approach in combination with bioassays in our quest for STC in mammals. The results of this investigation have yielded compelling evidence for STC-like proteins in higher vertebrates, most notably in humans. By using a well-characterized fish STC RIA, STC-IR was detected in the sera of sharks, salamanders, and humans at levels that fell well within the range of hormone levels commonly observed in fish (4, 5, 10) . Sera from these species exhibited parallelism in the assay as well, suggesting that the substance being measured was immunologically related to the fish hormone. The negative correlation between serum levels of STC and Pi in humans was of particular interest, given that STC in fishes is a known regulator of phosphate homeostasis (11) , and suggests that STC could be involved in phosphate homeostasis in all vertebrates.
Because STC-producing cells in fish arise during embryogenesis from the nephron tubules (21), the kidney was a logical starting point for attempting to identify possible sources of STC in humans. The approach taken was two-pronged in that immunological screening methods were employed in combination with bioassays to identify proteins and/or cells that were STC-related. Crude human kidney extracts proved to have clear-cut effects on gill Ca2+ transport in fishes, though not in the manner expected. Instead of mimicking the effects of STC by inhibiting gill Ca>2 transport, kidney extracts stimulated transport. These effects appeared to be specific, however, as the bioactivity was selectively partitioned by Con A-Sepharose chromatography into the glycoprotein fraction. Moreover, Western blot analysis revealed that a protein with STC-IR partitioned into the same fraction. Hence, both the bioactivity and STC-like immunoreactivity were retained by the plant lectin. The fact that the bioactive fraction countered the effects of STC was reminiscent of earlier findings obtained with C-terminal STC fragments, the latter of which also opposed the inhibitory effects of STC on gill Ca2+ transport in trout (22) . At the time it was suggested that these fragments might be interfering with endogenous STC-receptor interactions (22) and this is one possible mechanism by which the human renal glycoprotein fraction is opposing the actions of STC. Alternatively, it may be acting through an entirely different receptor. (2) . However, no changes of this magnitude occurred upon reduction of the renal glycoprotein with STC-IR. Nonetheless, it clearly contained intrachain disulfide bridges given the marked effect that reduction had on its appearance. What was one immunoreactive band in the nonreduced state assumed the appearance of three closely spaced bands after sample reduction, although we have yet to arrive at a satisfactory explanation as to how this occurs. The fact that the bioactive fraction and fraction with STC-IR had an affinity for Con A-Sepharose (2) implies that both have asparagine-linked carbohydrate moieties as does fish STC. However, it remains to be proven that they are one and the same, that the glycoproteins with STC-IR are synonymous with the glycoproteins producing the effects on gill Ca2+ transport. It should also be recognized that although these particular glycoproteins have only been observed in kidney, this does not rule out their occurrence elsewhere particularly in tissues yet to be examined.
The immunocytochemistry corroborated the Western blot data by revealing cells in human kidney tubules that were cross-reactive to salmon STC antiserum. These STC-positive cells were apparent in cortical kidney in what appeared to be distal convoluted tubules, based on their size and morphological characteristics. The cells were not abundant in the blocks of tissue that were examined. On average, we observed no more than 10 STC-positive cells per cm2 of tissue. However, as kidney is both complex and highly heterogeneous, these cells may be more numerous in regions of the organ that have not been examined.
In summary, we have provided evidence of the fish hormone STC in humans. Sera from normal humans contained levels of STC-like immunoreactivity similar to those commonly observed in fishes. The kidney proved to be a possible source of serum STC-IR. STC-like proteins were identified in the kidney, specifically in cells of the distal convoluted tubules. Thus, it is entirely possible that STC cells in higher vertebrates remain at the site of embryological origin and do not coalesce into corpuscles of Stannius as in fishes.
